The effects of sand and clay soils and water contaminated by Escherichia coli O157:H7 on the development of rhizosphere and phyllosphere microbial communities were analyzed to determine the influence of plant age on microbial community structure and composition. Community bacterial nucleic acids were extracted from lettuce rhizosphere and phyllosphere samples at different stages of plant development after the soils were irrigated with water contaminated with E. coli O157:H7 at planting and 15 days after planting. PCR was used to amplify 16S ribosomal RNA (rRNA) for total bacterial community composition and the products were subjected to denaturing gradient gel electrophoresis (DGGE). Prominent DGGE bands were excised and sequenced to gain insight into the identities of predominant bacterial populations. The majority of DGGE band sequences were related to bacterial genera previously associated with the rhizosphere and phyllosphere, such as Pseudomonas, Acidobacterium, Bacillus and Agrobacterium. The PCR-DGGE patterns observed for rhizosphere samples were more complex than those obtained from the bulk soil and the phyllosphere. The Shannon index of diversity (H ) was used to determine the complexity of the DGGE bands from the phyllosphere, rhizosphere and the bulk soils at different growth stages. A higher diversity was observed in the clay soil than sandy soil during the first week. Few changes in diversity were observed after the first week. The results show that microbial community development in lettuce may take about 7-12 days and this may be the most likely period for maximum pathogen contamination in plants.
Introduction
The rhizosphere (volume of soil adjacent to and influenced by the plant roots) and phyllosphere (leaf surface) of plants are two contrasting environments for bacterial survival and growth. The rhizosphere is a nutrient rich environment, while the phyllosphere is very limited in nutrient composition. The richness of the rhizosphere microbial community is determined by several mechanisms, including plant excretion of specific organic compounds, competition for nutrients, and solid attachment sites. The amount and composition of or-ganic materials released by the plants control the different processes. Chemical compounds released from the rhizosphere of plants are generally species or cultivar specific; and plants are thought to selectively enrich their rhizospheres for microorganisms that can utilize the specific organic compounds. The released materials can also vary during plant and root development, thus affecting the composition of the microbial community in the rhizosphere. The composition and quantity of nutrients, including carbohydrates, organic acids, and amino acids that support the growth of phyllosphere microbial community are affected by the plant species, leaf age, leaf physiological status, and the presence of tissue damage [1] . These authors showed that host plants, leaf age, leaf position, and physical environmental conditions have significant effects on the phyll-osphere microbial population. This study showed for the first time the complexity of the phyllosphere microbial community, and provided an in-depth understanding of epiphytic microbial communities that inhabit leaf surfaces of many plants.
The leaf surface topography and the nutrients present on the leaf surface are generally recognized as important regulators of phyllosphere microbial communities, but little research has been done at the whole community level [1, 2] . Nothing has been done on the microbial community structure of fresh produce grown in different soils that may provide different nutrient levels for the plants. This is critical because under conditions of environmental contamination by pathogens, these pathogens will compete with the epiphytic microflora for survival [3] . Since it is well recognized that the phyllosphere is a very hostile environment for bacterial growth, the issue is how long would the pathogens survive under these extreme conditions. Some of the reasons for the poor nutritional conditions on the leaf surfaces are the dry conditions, UV radiation, and temperature extremes. Temperature on leaf surfaces can reach 40-55°C under intense sunlight, and can cool to 5-10°C at night.
Roots are known to excrete several forms of organic materials. The amounts and composition of these organic materials differ with plant species and cultivars. Changes in organic materials differ during plant development between older and younger parts of the root system [4, 5] . The bacterial communities in the rhizosphere are known to use different organic materials as a substrate with different composition and density [6] . Research has shown that this results in the buildup of microflora specific to a particular plant species and genotype [7] , as well as to the plant developmental stage, the root part (base or tip), and nutritional requirement [8] .
The polymerase chain reaction (PCR) is a powerful tool for amplifying and detecting specific nucleic acid molecules present at low levels in the environment. The dynamics of the dominant bacterial communities inhabiting the rhizosphere and phyllosphere of lettuce were examined using the PCR approach of analyzing 16S ribosomal RNA (rRNA) profiles generated by denaturing gradient gel electrophoresis (DGGE). The resulting DNA band pattern provided a fingerprint of the microbial community structure, in which each band represented a group of bacteria having 16S rRNA sequences with a similar melting temperature [9] . The identification of individual bands was accomplished by excising dominant bands from the gel to generate clones, which were sequenced and used to identify the predominant bacterial species present in individual DNA bands. However, this is subject to potential problems associated with PCR bias of selected sequences and the formation of PCR artifacts [10] . The main advantage is the presentation of microbial development dynamics with plant maturity in a way that the culture dependent method lacks. The aim of this study was to increase our understanding of the distribution, diversity, and composition of microbial communities associated with developing lettuce plants grown under different soil types irrigated with contaminated water, and to use PCR-DGGE to characterize bacterial communities associated with different rhizosphere and phyllosphere microbial communities.
Materials and methods

Soils and plant conditions
Clay soil (Willows silty clay, saline-alkaline) and sandy soil (Dello loamy sand) were collected from Mystic Lake dry bed and the Santa Ana River bed, respectively. The clay soil has a bulk density of 1.51 Mg m À3 and 3.7% sand, 49.1% silt, and 47.2% clay. The sandy soil has a bulk density of 1.67 Mg m À3 and 99.1% sand, 0.20% silt, and 0.70% clay. The soils were sieved through a 4 mm sieve before planting. Due to the high salt content (EC ¼ 15 ds m À1 ), the clay soil was reclaimed to remove excess Na þ salt by leaching the soil with CaCl 2 several times for two weeks to make sure that most of the Na þ on the clay exchange sites was replaced with Ca þ . This process reduced the salt concentration to about 1.5 ds m À1 . Seeds of green romaine lettuce (Lactuca sativa (L.) cv. Green Forest) were purchased from Johnny's Selected Seed Co. (Albion, ME). The plants were grown at 20°C, 70% humidity and a photoperiod consisting of 16 h of light and 8 h of darkness.
Irrigation and recovery of bacteria from rhizosphere and phyllosphere samples
Lettuce seedlings were sprouted in 50% Hoagland's solution [11] and transplanted into the soils in two growth chambers. The experiment was a completely randomized design with three replications. There were ten plants in each tray at transplanting and one plant was harvested from each tray during analysis as stated below. Escherichia coli O157:H7(pGFP) was grown overnight on tryptic soy broth (TSB) with 50 lg ml À1 ampicillin at 37°C. The cells were suspended in 10 mM potassium phosphate saline, pH 7 [PBS (Fisher Scientific, Pittsburgh, PA)], washed twice in PBS, and resuspended in sterile distilled water to a density of 10 7 cells per ml. Cell concentrations were determined turbidimetrically and by plate counts. The plants and soils were inoculated via irrigation water mixed with the E. coli O157:H7(pGFP) with ampicillin suspension. Plants in the clay soil were irrigated with distilled water daily and received the nutrient solution weekly. The plants in the sandy soil received the above nutrient solution twice daily. Plant phyllosphere, rhizosphere and bulk soil samples were taken 3, 5, 9, 12, 15, 18, 22, 25, 29 and 45 days after transplantation. The samples were collected in separate sterile petri dishes or collection bags. Total bacterial community DNA was recovered from the plant material by homogenization with 100 ml of PBS for 2 min at 260 rpm in a Seward Stomacher 400 Circulator (Seward Ltd., London, UK). The homogenate was centrifuged at 3000g for 10 min and the pellet was resuspended in 2 ml of PBS and used for community DNA extraction.
DNA extraction and PCR amplification
Community DNA was extracted from plant samples with the Ultra Clean Soil DNA Kit (MoBio Laboratories, Solana Beach, CA) and stored at )20°C. A 236-bp DNA fragment in the V3 region of the small subunit rRNA genes of eubacteria was amplified by using primer set PRBA338f and PRUN518r [12] . For the purpose of separating the 16S rRNA bacterial communities in a DGGE gel, a GC clamp was added at the end of primer PRBA338f. Ready-To-Go PCR beads from Amersham Pharmacia Biotech (Piscataway, NJ) and 5 pmol of primers in a total volume of 25 ml were used in the PCR reaction. PCR amplifications were done under the following conditions: 92°C for 2 min; 30 cycles of 92°C for 1 min, 55°C for 30 s, 72°C for 1 min followed by a final extension at 72°C for 6 min.
DGGE analysis
DGGE was performed with a Dcode Universal Mutation Detection System (Bio-Rad, Hercules, CA). Twenty microliters of the PCR product was loaded onto an 8% (wt/vol) acrylamide gel (acrylamide/bis solution, 37.5:1) containing a linear chemical gradient ranging from 30% to 70% denaturant [7 M urea and 40% (vol/vol) formamide]. The gels were run for 3 h at 200 V in 1Â TAE electrophoresis buffer (0.04 M Tris-acetate 1 mM EDTA, pH 8.5). The gels were stained in ethidium bromide solution for 15 min, rinsed for 5 min in water, and photographed. DNA bands from the gel were sliced out and placed into a vial containing 20 ll of sterilized distilled water. The vials were kept at 4°C overnight to allow passive diffusion of DNA into the water and 10 ll of the eluted rRNAs were further amplified by using the bacterial universal primers described above. The resulting PCR products were purified from a 2% agarose gel and cloned into the pGEM-T Easy vector (Promega, Madison, WI). The 200-bp rRNA inserts in pGEM-T were sequenced with an Applied Biosystems Prism 377 DNA sequencer using universal M13 forward primers.
Statistical analysis
DNA fingerprints obtained from the 16S rRNA banding patterns on the DGGE gels were photographed and digitized using ImageMaster Labscan (Amersham-Pharmacia Biotech, Uppsala, Sweden). The lanes were normalized to contain the same amount of total signal after background subtraction. The gel images were straightened and aligned using ImageMaster 1D Elite 3.01 (Amersham-Pharmacia Biotech, Uppsala, Sweden) and analyzed to give a densitometric curve for each gel. Band positions were converted to R f values between 0 and 1 and profile similarity was calculated by determining Dice's coefficient for the total number of lane patterns from many gels [13] . Cluster analyses of the lane patterns were constructed by using Minitab statistical software (Minitab version 13, State College, PA, USA). A second approach was used to determine community structure based on peak height from the Excel files for the different bacterial groups (16S rRNA bands) and were analyzed to generate diversity index (H ). The peak height values generated from the sampling points were integrated and analyzed using the Excel program. Data obtained were used to integrate the area under each peak for each lane in every treatment. For this analysis, each band was presumed to represent the ability of that bacterial species to be amplified. The Shannon index of diversity (H ) was used to compare changes in diversity of microbial communities within the four treatments at each time [14] by using the following function:
H ¼ ÀfP i log P i g P i ¼ n i =N , n i ¼ height of peak, N ¼ sum of all peak heights in the curve.
Phylogenetic analysis
Sequence identification was performed by using the BLAST database (National Center for Biotechnology Information: www.ncbi.nlm.nih.gov).
Results
Microbial diversity in soils and the rhizosphere
DGGE analysis of 16S rRNA fragments was used to investigate differences between the two soils before the onset of different treatments. This was done after PCR amplification of the 16S rRNA genes from total soil DNA with primers P338f and P518r described above. Fig. 1(a) shows a DGGE analysis of the 16S rRNA fragment amplified from the two soils (sand and reclaimed clay). Lane 3 in Fig. 1(a) shows the community profile of clay soil before reclamation. The clay soil was reclaimed because of high salinity in the sample (electrical conductivity ¼ 15 dS m À1 ), and the possibility of lower CFUs due to saline stress on E. coli caused by cells entering a viable but non-culturable state [15] . Numerical analysis of the DGGE patterns with the Shannon index of diversity (H ) showed that the microbial communities of the three soils were different ( Fig. 1(b) ). The sandy soil had the lowest diversity index and the nonreclaimed clay soil had the highest. The DGGE profiles derived from the three soils contained varying numbers of detectable bands per sample ranging from five bands in the sandy soil, 22 bands in the unreclaimed clay soil and 15 bands in the reclaimed clay. Bands were visible at approximately 45-65% denaturant.
To validate changes in microbial community composition with plant age as affected by contaminated water, DGGE banding patterns from days 9 and 12 were analyzed in triplicate to determine the rhizosphere microbial community structure ( Fig. 2(a) ). This was done after it was determined that the fingerprinting patterns during sampling from day 2 and 5 did not show any significant changes (data not shown). Cluster analysis of the banding patterns showed some similarity within the same day samples irrespective of whether from sand or clay ( Fig. 2(b) ). This provided an early indication that there is some rhizosphere effects on the microbial community with plant age. It also indicated that there was a soil effect that was not as strong as the rhizosphere effect in the early stages of plant development. The fingerprint revealed 1-6 clearly distinguishable bands per gel strip during days 2 and 5 and 3-20 bands during days 9 and 12. These reflect the development of the microbial community structure at these distinct points in time.
Due to the large amount of data obtained by analyzing triplicate samples, DNA was pooled from triplicate samples and new sets of DGGE were run. DGGE profiles from days 2 to 45 of the rhizosphere samples are shown in Fig. 3 (a)-(c). As seen in the DGGE pattern, there was an increase in the complexity of the banding pattern with plant age (Fig. 3(a) ; days 2-12) and Fig. 3(b) and (c) days 15-45. The information contained in the banding patterns was determined in two ways. First, the similarities of all possible pairs of gel tracks were calculated, then a cluster analysis of the matrix of similarity values and visualization in a dendrogram were performed ( Fig. 3(d) ). The cluster analysis revealed six major groups, corresponding to most of the microbial communities in the two segments of the experiment. The second method for determination of the structural diversity was the calculation of the Shannon index of diversity H from the DGGE banding patterns. H was calculated on the basis of the number and relative intensity of bands on a gel strip. During the 45 days of the study, H increased from an average of about 0.25 in day 2 to a maximum of 1.25 in day 15 and continued at this level for the rest of the experiment (Fig. 3(e) ). The effect of water contaminated with E. coli O157:H7 was more pronounced on the diversity index during days 2 and 5. Fig. 3(e) shows an increase in diversity index from the uncontaminated sample to the contaminated sample within the first five days, indicating that the contaminated water acted as an inoculum to increase the community composition. This effect did not continue after day 5, but rather alternated phases of higher and lower diversity ranging between 0.50 and 1.25 ( Fig. 3(e) ).
The effects of contaminated irrigation water inoculated with E. coli O157:H7 on the bulk soil microbial community depended upon the type of soil. The fingerprinting pattern of the non-rhizosphere soils during the first 12 days was obtained (data not shown) and a cluster analysis of the banding patterns ( Fig. 4(a) ) and the diversity value, H , of the microbial communities ( Fig. 4(b) ) were determined. The cluster analysis shows two major groupings of mainly soil samples with or without contaminated water, suggesting that the addition of water contaminated with E. coli O157:H7 had a significant effect on microbial community structure. In the bulk soils, the Shannon index of diversity, H , increased from 1.05 to 1.26 in the sandy soil during the first 5 days of the experiment, followed by a plateau at a slightly higher H value in days 9 and 12. In the clay soil, there were no differences in the diversity index within the first 5 days of the experiment, however, there was a general increase from days five to twelve. The changes in the community structure were similar in the two soils, as evidenced by the results of the diversity indices ( Fig. 4(b) ).
Phyllosphere microbial community structure
Within the phyllosphere community structures, simple fingerprinting patterns were observed at the beginning of the experiment (Fig. 5(a) ), and two weeks thereafter, the communities were more complexed. After the first two weeks, the complexities of the community Fig. 3. (continued) banding patterns were the same irrespective of soil type (data not shown). The banding profiles were analyzed by cluster analysis to examine the relative similarities of bacterial communities on the phyllosphere with plant age. Within the first two weeks, no specific clustering patterns were found in community structures irrespective of soil type ( Fig. 5(b) ). Analysis by the Shannon index of diversity showed a significant increase in diversity in days 2 and 5 with the addition of contaminated irrigation water ( Fig. 5(c) ). The Shannon index of diversity, H , increased on the average from 0.45 to 0.81 during the first week and remained at that level for the rest of the experiment. This confirmed earlier results from the rhizosphere and suggested that the irrigation water contaminated with E. coli O157:H7 acted as an inoculum. Bacterial species richness increased with leaf age through time, and subsequently leveled as resources declined and competitive interaction increased.
Analysis of predominant bacterial species by PCR-DGGE
The analysis of predominant bacterial species was carried out with rhizosphere and phyllosphere samples pooled from triplicate samples from days 2, 5, 9, 12, 15, 18, 22, 25, 29 , and 45. Bands selected for analysis are shown in Figs. 3(a) -(c) and 5(a)-(c). Table 1 shows the prominent bands excised from the DGGE gel. The majority of the DGGE bands showed the highest levels of identity to clones recovered from soil environments. The highest level of identity between a DGGE band and a previously defined sequence was the level of identity observed for bands R1, R6, and R8 ( Fig. 3(a) -(c)) for rhizosphere bacteria and for bands P3, P4, and P6 ( Fig. 5(a) -(c)) for phyllosphere microbial population ( Table 1 ). The rhizosphere bands showed 100% similarity to a sequence recovered from lodgepole pine (Pinus contorta) rhizosphere [16] , and marine sediment (Epstein et al., unpublished). The derived sequences from bands P3, P4, and P6 were confirmed to be 100% similar to Pseudomonas fragi, Pseudomonas putida, and uncultured bacterium. The band sequences that were least similar to previously recovered sequences were the sequences obtained from bands R7 and P2, which showed between 91% and 94% identity to the most closely related database sequences.
Discussion
The rhizosphere is believed to influence the survival, growth, and activity of microorganisms, depending on the plant species or cultivar and the developmental stage of the plant. In this study, we examined the developmental stage of the plant, and monitored the presence of dominant bacterial populations in the rhizosphere of lettuce irrigated with contaminated water in two soil types. The two soils were chosen because they represent the two dominant soils in the Chino, CA area where intensive dairy operations are located. Cattle are known to be a major reservoir of E. coli O157:H7 and runoff from livestock operations may impact waters nearby. The leaf surface is a region on the plant that supports a limited microbial population. Substantial variation in microbial population densities across the leaf surface may be observed even in cases of uniform inoculation under conditions optimal for microbial growth [17] . This suggests that growth varies significantly across the leaf surface, perhaps in relation to nutrient availability across leaves [18] . This study was the first attempt to use culture-independent methods to monitor the presence of dominant bacterial populations simultaneously in the rhizosphere and phyllosphere of plants irrigated with water contaminated by E. coli. As part of this study the population dynamics of E. coli O157:H7 in the rhizosphere and phyllosphere was quantified by plate count and real-time PCR [3] . Both studies showed that with an increase in the diversity index due to higher community composition and age of plant, there was a corresponding decrease in the concentration of E. coli O157:H7.
The present study showed an increase in diversity with plant growth within the first two weeks as seen by the increase in H values. By using the Shannon index of diversity in combination with the cluster analysis of the DGGE banding patterns based on the similarity coefficient, we were able to monitor a whole range of community responses from the phyllosphere, rhizosphere, and bulk soils. The microbial community was shown to be stable after 9 days from the beginning of the experi-ment and this stability continued throughout the rest of the study. By avoiding the bias of cultivation and by direct extraction of DNA from the rhizosphere, H can be used as a parameter to reflect the structural diversity of the whole microbial community [19] . Results showed that most plant tissues harbor few bacteria shortly after emergence from seeds, but populations can increase rapidly thereafter. These findings were in agreement with Hirano and Upper [2] , and suggested that determining the dominant group in bacterial community development may be a reproducible process. Plant root effects did not cause the complete shift in the bacterial community but rather caused subtle changes, which is in agreement with previous culture-independent attempts to characterize bacterial communities in the rhizosphere [ [20] [21] [22] [23] [24] . As observed with the rRNA-DGGE derived profiles from the rhizosphere, there was a slight shift in the total DGGE profiles observed during the first 12 days of the study with respect to plant growth. Band R3 ( Fig. 3(a) ) had emerged as one of the dominant bands from day 15. This result was similar to that observed in a previous culture-based analysis in which it was suggested that young plants contained bacterial communities that were distinct from the bacterial communities contained by plants at other developmental stages [25] . Therefore, a certain degree of succession may occur in the bacterial community of the rhizosphere during plant growth. Our data suggest that different bacterial populations may be activated at different stages of plant development as the roots elongate and different compounds are secreted to enrich the rhizosphere. This may also suggest the influence of soil types in rhizosphere ecology, as well as which bacteria become most active in the rhizosphere. Gelsomino et al. [26] found soil type to be an important determinant of bacterial community structure using PCR-DGGE and a single plant species. However, in this study the effect of soil type was minimal with the lettuce plant.
The culture-independent method used in this study disclosed a very different representation of the rhizosphere and phyllosphere microflora associated with lettuce at different growth stages than a culture-based method would have shown. The DGGE method reflects the in situ phyllosphere and rhizosphere community with greater fidelity than culture-based methods, because microorganisms that are not efficiently released from the samples by sonication might be missed by this technique. Finally, DGGE analysis tends to reveal only the dominant microflora, a serious deficiency assuming that minor organisms may make important biological contributions to an ecosystem. This study showed that succulent herbaceous plant such as lettuce can support high bacterial populations on their leaf surfaces. Our study suggest that human pathogens have the capability to exploit the nutrient resources on leaves under conditions in which the physical environment does not limit their activities, and therefore can survive in large numbers as part of the community composition. 
